In this study, we investigated the Pt catalyst effects on two structures through loading a Pt catalyst onto a resistive oxygen sensor using Ce0.9Zr0.1O2 thick film. We used (1) Ce0.9Zr0.1O2 thick film with a Pt/alumina layer, and (2) Pt/Ce0.9Zr0.1O2 thick film, in which Pt catalysts were prepared by heating platinum chloride. In the case of sensor structure (1), it became clear that the Pt/alumina layer with a Pt concentration of 40 wt% was the most effective in the Pt/alumina layers fabricated in this study, where R(λ = 0.6)/R(λ = 1.4) was 0.0099, and R(λ = 0.6)/R(λ = 1.4) of the 40 wt% Pt/alumina layer decreased with decreasing temperature. In the case of sensor structure (2), the minimum values of R(λ = 0.6)/R(λ = 1.4) at 600 and 700°C were the same at 0.035. The ultrasonic treatment in the Pt loading process improved R(λ = 0.6)/R(λ = 1.4) to 0.02. The Pt particle size in this study was in a range from 20 to 100 nm because of the high temperature annealing in the Pt loading process.
Introduction
In a three-way catalyst, the air to fuel (A/F) ratio that gives the optimum conversion efficiency for CO, hydrocarbons, and NOx approximates to the stoichiometric ratio. 1) Fuel mixtures at A/F ratios below the stoichiometric A/F ratio are termed "rich," and those above the stoichiometric A/F ratio are termed "lean." 2) In order to maintain the fuel mixture at around the stoichiometric A/F ratio in an engine, it is necessary to know whether the A/F mixture is rich or lean, and an oxygen sensor is used for this purpose. 2) When complete combustion occurs in rich conditions, the oxygen partial pressure decreases to between 10 -22 Pa (500°C) and 10 -9 Pa (900°C). 2) In contrast, in lean conditions the oxygen partial pressure is approx. 10 2 -10 3 Pa. Based on the partial pressure, the oxygen sensor can distinguish between rich and lean conditions, and the A/F ratio can be maintained at around the stoichiometric ratio. In a working engine, however, combustion may not be complete. 3) For example, even a fuel-rich mixture will contain oxygen molecules in the exhaust gas in the case of incomplete combustion. Such situations are examples of nonequilibrium states. However, commercialized oxygen sensors using zirconia electrolyte show precise output even if the gas in non-equilibrium states flows to the sensors because the gas is locally in an equilibrium state on the Pt electrodes. 4) We reported that a resistive oxygen sensor using ceria doped with 10 mol% zirconia 5),6) was able to distinguish between rich and lean mixtures in a model exhaust gas in an equilibrium state. 7) Doping zirconia into ceria made it possible to reduce the resistivity and response time. 5), 6) The response time of the sensor using Ce1-xZrxO2 (0.05 ≤ x ≤ 0.2) nanoparticles was reported to be approximately 10 ms. 5) Very recently, we have reported the following problems: 8) a resistive oxygen sensor indicated a lean mixture in cases where the ratio of propane to oxygen was rich in the non-equilibrium state; under the same conditions, an Electromotive Force (EMF) sensor based on an oxide ion conductor successfully indicated the mixture was propane rich. We have also reported the solution whereby a Pt catalyst prepared by heating Pt thin film improved the response of the sensor. 8) In this study, we investigated the Pt catalyst effect of two other structures by loading a Pt catalyst onto a resistive oxygen sensor using two types of Ce0.9Zr0.1O2 thick film: (1) Ce0.9Zr0.1O2 thick film with Pt/alumina layer, and (2) Pt/Ce0.9Zr0.1O2 thick film, in which Pt catalysts were prepared by heating platinum chloride, as it is difficult to support the Pt catalyst by heating Pt thin film as shown in Ref. (8) in a practical fabrication process.
Experimental

Sample fabrication
Ce0.9Zr0.1O2 powder was obtained by the precipitation method using carbon black powder. 5) A paste made from the powder was screen-printed on an alumina substrate to form a thick film. The thick film was fired at 1100°C for 2 h. The details of the fabrication method have been reported in Ref. (5) . The microstructure of the Ce0.9Zr0.1O2 thick film has been shown elsewhere.
Next, the Pt catalyst was loaded using the following two structures: (1) Ce0.9Zr0.1O2 thick film with Pt/alumina layer, and (2) Pt/Ce0.9Zr0.1O2 thick film. In the case of (1), first, alumina powder was dispersed into ethanol, including PtCl4, with aluminato-Pt weight ratios from 100:0 to 60:40. An organic binder, including terpineol and ethyl cellulose, was added into the dispersion, and then the dispersion was heated to remove the ethanol. PtCl4/alumina paste was thus obtained. The PtCl4/alumina paste was screen-printed on the Ce0.9Zr0.1O2 thick films and fired at 1000°C for 2 h. This high temperature treatment is equivalent to automobile exhaust gas temperatures. In general, the maximum temperature of the exhaust gas was approximately 900-1000°C. 9) Finally, the Ce0.9Zr0.1O2 thick films with Pt/alumina layer were obtained.
In the case of (2), the Ce0.9Zr0.1O2 thick film as-prepared was dipped into PtCl4 ethanol solution with 0.01 mol/L for 10 min and then dried at 150°C. When the dipping frequency was more than 1, the same process was repeated. After the dipping, the thick film was fired at 1000°C for 2 h. Finally, the Pt/Ce0.9Zr0.1O2 thick films were obtained.
The Pt/alumina layer and Pt/Ce0.9Zr0.1O2 thick films were characterized by X-Ray Diffraction (XRD) analysis, Scanning Electron Microscopy (SEM), or Transmission Electron Microscopy (TEM).
Evaluation for sensing properties
Propane gas was used throughout as the fuel. 7) The model exhaust gas used to evaluate the sensor properties comprised a mixture of propane gas, oxygen, and nitrogen. To ensure the exhaust gas was in an equilibrium state after complete combustion, the mixture of propane gas, oxygen, and nitrogen was introduced into an activated catalyst placed in the apparatus. The sensor was placed in the exhaust gas to measure its properties. In this case, the catalyst placed in the apparatus was heated to over 350°C, at which temperature complete combustion occurs. The sensor was heated to 600°C by a furnace placed in the apparatus.
To put the exhaust gas into a non-equilibrium state, the catalyst placed in the apparatus was heated to 190°C, at which temperature the catalyst is not activated. The sensor properties were investigated for the mixture gas passed through the inactivated catalyst. In this case, the sensor was heated to 600°C by a selfheater (made of Pt and set on the reverse of the substrate), not by the furnace placed in the apparatus.
In this study, we define the oxygen excess ratio, λ, as follows:
(1)
Here, C(O2) and C(C3H8) are the concentrations of the oxygen and propane, respectively. The stoichiometric ratio of complete combustion of propane, {C(O2)/C(C3H8)}stoich, is 5. In general, the air excess ratio, λair, is given by the following equation:
Here, w(air) and w(fuel) are the weight of the air and fuel, respectively, and {w(air)/w(fuel)}stoich is the stoichiometric A/F ratio. Therefore, even if λ is equal to λair, the oxygen partial pressures of λ is not the same as that of λair, a point which has been reported in Ref. (7) .
Results and discussion
Ceria thick film with Pt/alumina layer
For XRD analysis, Pt/alumina layer was screen-printed on an alumina substrate directly and fired at 1000°C for 2 h. The XRD patterns of the layers printed directly on the alumina substrates are shown in Fig. 1 . The height of the peaks from Pt increased with increasing Pt concentration. Figure 2 shows SEM images of the Pt/alumina layer with a Pt concentration of 40 wt%. Alumina particles with sizes of 50 to 100 nm were observed and it was confirmed that the layer had a porous structure. In SEM images (Secondary Electron Images), 
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Pt particles could not be clearly distinguished from the alumina particles. Therefore, the Pt particle sizes were considered to be similar to the alumina particle ones. Details of the Pt particle sizes are described below. It was also confirmed that the Pt/ alumina layer showed no cracks. R(λ = 0.6)/R(λ = 1.4) decreased with increasing Pt concentration. Therefore, it became clear that the Pt/alumina layer with a Pt concentration of 40 wt% was the most effective in the Pt/ alumina layers fabricated in this study, where R(λ = 0.6)/R(λ = 1.4) was 0.0099. In the case of catalysts for gas sensors, it has been reported that a Pt concentration of 40 wt% is most effective. 10),11) If the Pt concentration becomes more than 40 wt%, it is unknown whether this is effective or not. Material costs increase with increasing Pt concentrations so that higher Pt concentrations are disadvantageous. In an equilibrium state, R(λ = 0.6)/R(λ = 1.4) is 0.00152. Therefore, R(λ = 0.6)/R(λ = 1.4) should be decreased by an order of one-magnitude. The resistance ratio of λ = 0.6 to λ = 1.4 (R(λ = 0.6)/R(λ = 1.4)) for the Pt/Ce0.9Zr0.1O2 thick film prepared by dipping 3 times with ultrasonic treatment was compared with that for the film prepared by dipping 3 times without ultrasonic treatment. The results are shown in Fig. 6 . The ultrasonic treatment for Pt/Ce0.9Zr0.1O2 thick film prepared by dipping with and without ultrasonic treatment. Dipping frequency was 3.
improved R(λ = 0.6)/R(λ = 1.4) up to 0.02 at 600 and 700°C. R(λ = 0.6)/R(λ = 1.4) was the smallest in the resistive oxygen sensor using Pt/Ce0.9Zr0.1O2 thick film prepared by dipping. Figure 7 shows SEM images of the Pt/Ce0.9Zr0.1O2 thick film prepared by dipping 3 times with ultrasonic treatment. In the secondary electron image of SEM observation, Pt particles could not be distinguished from Ce0.9Zr0.1O2 particles ( Fig. 7(a) ). In the Backscattered Electron Image (Fig. 7(b) ) of SEM observation, however, white and gray particles were observed. In the viewpoint of existence percentage, white particles were considered to be Pt. Pt particles with sizes from 50 to 100 nm were observed. It is difficult to observe smaller particles by SEM so that a TEM observation was carried out. TEM images of the Pt/Ce0.9Zr0.1O2 thick film prepared by dipping 3 times with ultrasonic treatment are shown in Fig. 8 . In the TEM images, Pt and Ce0.9Zr0.1O2 particles were black and gray, respectively. In TEM, not only the larger particles as observed in SEM but also small particles with a size of 20 nm were observed. Most of these smaller particles existed in the grain boundary of the Ce0.9Zr0.1O2.
From the SEM and TEM observations, it became clear that there were Pt particles with sizes of between 20 and 100 nm in the Pt/Ce0.9Zr0.1O2 thick film. These Pt particles are larger than the Pt particles in the general catalyst. This can be attributed to the high temperature (1000°C) of the heat treatment. In the case of the Pt particles in Pt/alumina layer described in 3.1, the Pt source is the same PtCl4 as in the Pt/Ce0.9Zr0.1O2 thick film, and the condition of the heat treatment is the same. Therefore, the Pt particles sizes of Pt/alumina layer were not different from that of Pt/Ce0.9Zr0.1O2 in Figs. 7 and 8.
Discussion
Incorporating ultrasonic treatment in the dipping process improved R(λ = 0.6)/R(λ = 1.4). This is considered to be due to the existence of many Pt particles on the inside of the thick film because it is easier for the PtCl4 ethanol solution to diffuse into the inside of the thick film due to the ultrasonic treatment. The reaction of propane and oxygen molecules on the Pt particles supported on Ce0.9Zr0.1O2 resulted in a decrease of oxygen partial pressure in the Ce0.9Zr0.1O2 thick film and in the resistance of the Ce0.9Zr0.1O2 thick film.
In the case of the Pt/alumina layer over Ce0.9Zr0.1O2 thick film, therefore, the active sites at which propane and oxygen molecules react may not only be the Pt particles in the Pt/alumina layer but also the sites at which Pt contacts with Ce0.9Zr0.1O2 in the interface of Pt/alumina layer and Ce0.9Zr0.1O2 thick films; that is, the Pt supported on the Ce0.9Zr0.1O2. However, it is difficult to consider that the active site is only the Pt particles supported on the Ce0.9Zr0.1O2 in the case of the Pt/alumina layer over Ce0.9Zr0.1O2 thick film, because this case corresponds to the Pt/ Ce0.9Zr0.1O2 prepared by dipping without ultrasonic treatment and R(λ = 0.6)/R(λ = 1.4) of this situation was approximately 0.1 (Fig. 6) and showed a smaller effect of Pt catalyst than Pt/ alumina layer over Ce0.9Zr0.1O2 thick film. Therefore, the active 
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sites are considered to be the Pt particles supported on both the alumina and the Ce0.9Zr0.1O2.
In a previous report, R(λ = 0.6)/R(λ = 1.4) decreased to 0.006 at 600°C. Therefore, a greater decrease of R(λ = 0.6)/R(λ = 1.4) is expected by the optimization of the Pt/alumina layer, optimization of the Pt loading process, and the combination of the Pt/ alumina layer and the Pt/Ce0.9Zr0.1O2 thick film.
Conclusion
Two types of resistive oxygen sensors with a Pt/alumina layer over the Ce0.9Zr0.1O2 thick film and having the Pt/Ce0.9Zr0.1O2 thick film prepared by the dipping method were fabricated and the resistance in a rich condition in the non-equilibrium state was investigated. The results obtained are as follows:
The Pt/alumina layer with a Pt concentration of 40 wt% showed the most effective catalyst in the Pt/alumina layer prepared in this study. The resistance ratio of λ = 0.6 to λ = 1.4 (R(λ = 0.6)/R(λ = 1.4)) was approximately 0.01. This value is one-magnitude of order higher (worse) than in an equilibrium state.
It was discovered that there was an optimum dipping frequency in the dipping process for loading Pt particles on the Ce0.9Zr0.1O2 thick film, and that the ultrasonic treatment during the dipping process improved the Pt catalytic performance.
By heating Pt particles at 1000°C, their size increased in a range from 20 to 100 nm. It became clear that the Pt particles with these sizes showed better Pt catalytic performance.
